INTRODUCTION
In the aftermath of the Persian Gulf War, a large number of veterans developed nonspecific health problems with no medical explanation (1) . Among the symptoms most commonly reported by ill veterans are debilitating chronic fatigue, problems with memory and concentration, musculoskeletal pain, headache, and unrefreshing sleep (2) (3) (4) . This pattern of symptoms closely resembles that of CFS, a chronic illness of undetermined etiologic and pathophysiological mechanisms (5) . As yet, no physiological or laboratory abnormalities have been identified in GVs. One explanation for the difficulties with finding the causes of symptoms may be that the underlying pathophysiology involves subtle abnormalities in multiple organs (6) . This view focuses attention on systemic functions such as circulation, abnormalities of which can have negative consequences throughout the body. Evidence of such abnormalities in patients with CFS has been reported (7, 8) .
The study reported here examined the possibility that a problem with circulation may underlie symptoms in GVs meeting the case definition of CF (9) . Our basic hypothesis was that GVs with CF have abnormalities in central regulatory mechanisms of blood pressure control that might result in an inadequate perfusion. To test this hypothesis, we examined whether hemodynamic responses to behavioral stressors were altered in GVs with CF. The study was designed to provide preliminary data on what types of challenges (cognitive vs. physical) and specific mechanisms (ie, those concerned with regulation of peripheral resistance vs. those regulating cardiac output) may be involved. In addition, the study examined whether changes in cardiovascular functioning in GVs with CF were consistent with major symptoms of this illness, including fatigue, cognitive abnormalities, and associated functional decline. With respect to fatigue, our basic presumption was that lack of energy in ill veterans was caused by a disease and thus would have a different physiological basis compared with fatigue caused by overexertion or other transient factors. Also examined were the effects of depressive and anxious symptomology on stress responses in GVs with CF. Although comorbid psychiatric disorders are common in ill GVs, their relation to physical symptoms remains unclear (3, 10) .
METHODS

Subjects
Fifty-one GVs with CF and 42 healthy control GVs participated in the study. In the initial stage of the recruitment process, prospective subjects were mailed a health survey packet that included a screening questionnaire designed to identify GVs with possible CFS and those suitable to be healthy control subjects. Survey responders fitting these profiles and willing to participate in the study were brought in and evaluated by a physician trained in the diagnosis of CFS (11) . Approximately 17% of healthy and 22% of fatigued veterans responded to the initial inquiry about participation in the study; of those, approximately 17% from each group eventually participated in the study. On-site evaluation included a health and physical examination, standard laboratory tests, and the Q-DIS (12), a computerized diagnostic interview for Axis I psychiatric disorders. A diagnosis of CF was given if the veteran met the current CDC case definition for CFS or its slightly less severe form, ICF (9) . In brief, a diagnosis of CFS requires 6 or more months of unexplained fatigue with substantial reduction in activities and four or more "minor" symptoms, including impaired memory or concentration, sore throat, tender lymph nodes, muscle pain, multijoint pain, headaches, unrefreshing sleep, and postexertional malaise. In addition, subjects rated the severity of each minor symptom on a scale of 0 to 5 (0 ϭ none, 3 ϭ substantial, and 5 ϭ very severe). The diagnosis of idiopathic CF was given if a patient otherwise fulfilled the criteria for CFS but had fewer than four minor symptoms (9) . A total of 93 GVs with possible CFS on the screening questionnaire were evaluated. Of those, 27 were excluded because they did not meet criteria for CF. In addition, as required by the 1994 CDC case definition (9), we excluded 3 patients with medical conditions that could cause CF and those with mania (N ϭ 2), schizophrenia (N ϭ 2), substance abuse (N ϭ 6), mania with substance abuse (N ϭ 1), and schizophrenia with substance abuse (N ϭ 1), resulting in a final sample of 51 GVs with CF.
Control subjects were GVs in good health, which was verified by on-site medical evaluation. None of the subjects reported a history of cardiovascular, respiratory, or neurological disorders or used medications with central or peripheral adrenergic activity. The CF and control groups had similar composition with respect to gender (men/women ratio ϭ 2.6) and race (78% white, 19% African American, and 3% Asian) and were similar in age (35 Ϯ 8 years), body mass index (27 Ϯ 4 kg/m 2 ), alcohol consumption (3 Ϯ 6 drinks/wk), and caffeine consumption (216 Ϯ 210 mg/d). The CF group had more years of education than the control group (16 Ϯ 2 vs. 14 Ϯ 2, p Ͻ .0005) and a greater percentage of smokers (25% vs. 7%, p Ͻ .05). Cigarette consumption per smoker was not significantly different in the CF and control groups (14 Ϯ 8 cigarettes/d).
As part of the initial health survey, subject completed the MFI (13) and the Karnofsky Illness Severity Scale (14) . The MFI is a validated 20-item questionnaire that yields scores on general, physical, and mental fatigue, reduced activity, and reduced motivation. For purposes of this study, responses on the MFI were scored on the subscale of reduced activity, which provides a measure of functional status during the previous month. The Karnofsky scale provides a measure of global disability in terms of overall physical impairment during the past week. GVs with CF had reduced functionality on both the MFI reduced activity scale (13 Ϯ 4 vs. 6 Ϯ 3 in control subjects) and the Karnofsky global disability scale (60 Ϯ 19% vs. 98 Ϯ 5% in control subjects). GVs with CF also had more symptoms of depression and anxiety than control subjects, as assessed by the Beck BDI (15) and the POMS tension-anxiety subscale (16) (16 Ϯ 10 vs. 2 Ϯ 3 and 13 Ϯ 8 vs. 5 Ϯ 4, respectively; p values Ͻ .0001).
Study Design and Procedures
All subjects were required to abstain from nicotine for 2 hours and from caffeine for 4 hours before laboratory testing. The experimenter in contact with the subject was not informed 1 of the veteran's clinical status. Standard information about the study was provided at the beginning of the laboratory session. The subject was told that the purpose of the study was to examine functioning of the cardiovascular system in GVs. Before laboratory testing began, the subject completed the AD ACL (17), a 20-item scale that yields bipolar dimensions of energetic and tense arousal states. Scores on the energetic arousal dimension (energy scores) were used to estimate severity of fatigue on the day of testing. All subjects were tested in the morning. The complete protocol consisted of standard autonomic testing (18) , which was done first over a 40-minute period, followed by behavioral stress testing. The results of autonomic testing will be reported elsewhere. The behavioral stress battery included the forehead cold pressor test, speech presentation, and a mental arithmetic task, all performed with the subject seated. The cold pressor test was given first, and speech and arithmetic tasks were given next in a counterbalanced order. A 20-minute rest period preceded the cold pressor test and the speech-arithmetic series of stressors. The cold pressor test consisted of applying a plastic bag containing a mixture of crushed ice and water (1°C) to the forehead for 2 minutes and included ratings of pain on a scale of 0 to 10 at 5-second intervals (19) . The forehead cold pressor test was chosen over more traditional versions of the test because it does not evoke an increase in HR (19) , with changes in SV being more reflective of left ventricular performance under conditions of increased afterload. For the speech task, the subject was given a scenario involving being accused of shoplifting and was given 3 minutes to prepare and 3 minutes to deliver a speech about the situation into a video camera (20) . The arithmetic stressor was 3 minutes in duration and consisted of subtractions carried out on pairs of two-to three-digit numbers presented to the subject at 10-second intervals by means of an audiotape. The task was performed under conditions of audiovisual interference, which consisted of a TV playing a prerecorded daytime talk show in front of the subject at the same loudness level as the audiotape (about 70 dB). Ratings of perceived stress, challenge, and threat were obtained for each baseline and stressor period using a Likert scale with ratings of 1 to 8.
Physiological Measurements
Blood pressure was recorded in the left arm using a Dinamap 1846 SX automated blood pressure monitor. Impedance cardiography data were recorded with a University of Miami impedance cardiograph (model R03) using previously described methods (19) . The data were scored with an automated software system (21, 22) that provides values for HR, SV, Q , TPR, and PEP. The peak amplitude of the impedance cardiogram was measured relative to the isoelectric line, as recommended by Sherwood et al. (23) . Reproducibility of impedance cardiography measurements during the behavioral tasks has been demonstrated (24) . Two 30-second samples were collected during the last 2 minutes of rest periods and during the last 1.5 minutes of stressor periods and were averaged to represent the baseline and test response levels.
Data Analysis
Data were analyzed using SAS statistical software (SAS Institute, Cary, NC). The effects of illness on responses to stressors were examined in mixed analyses of variance. Two subjects in each group did not complete the cold pressor test because of pain, and three CF subjects declined to complete the speech task, resulting in missing data for seven subjects. Values for SV, Q , and TPR were normalized using log transformation before analyses. A Greenhouse-Geisser correction (25) was applied in all analyses of repeated measures. Multiple regression analysis (26) was used to examine the relationship between symptoms and cardiovascular stress responses. Because changes in Q and TPR are interdependent (27) , regression parameters describing their relationship to independent variables were computed with the other variable in the model. Controlling for their shared variance (mean R 2 ϭ 0.43 in the present study) was aimed at improving the sensitivity of ⌬Q and ⌬TPR scores as indices of task-induced cardiac and vasomotor responses, respectively. The rationale for this procedure and its application has been described elsewhere (19) . All data in the text are reported as mean Ϯ SD. A p value Ͻ .05 was considered significant in all analyses except when testing for interactions in multiple regression analyses, in which a value of p Ͻ .10 was used (28) .
RESULTS
Cardiovascular Responses to Behavioral Stressors
Measurements recorded during the baseline and stressor periods are shown in Table 1 . The data were analyzed within a mixed 2 (group) ϫ 5 (period) model with two covariates, years of education and smoking status. 2 Arithmetic performance scores (percentage of correct solutions) were lower in the CF group than in the control group (covariate-adjusted means, 56 Ϯ 21% vs. 69 Ϯ 21%; p Ͻ .007). Controlling for differences in arithmetic scores did not affect the above results, however. Mean ratings of cold pressor pain were similar in (14) 119 (13) 111 (14) 114 (14) CF 117 (13) 117 (14) 119 (13) 110 (13) 117 (13) a pru ϭ peripheral resistance units. 
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the CF and control groups (adjusted mean, 5.5 Ϯ 2.4 vs. 4.4
Self-Perceived Energy and Cardiovascular Stress Responses
As measured on the day of testing, GVs with CF had lower AD ACL energy scores than control subjects (adjusted mean, 8 Ϯ 6 vs. 17 Ϯ 6; p Ͻ .0001). Therefore, one hypothesis that might have explained the hyporeactivity in GVs with CF was that it was simply due to their lower energy levels. However, another possibility was that abnormal stress responses and severe fatigue in the patient group were both expressions of the same pathological condition. To test these hypotheses, the next set of analyses explored the relationship between energy scores and cardiovascular responses to cognitive stressors using multiple regression analysis. Cardiovascular variables in these analyses were modeled as a function of AD ACL energy scores, CF diagnosis, and their interaction, controlling for differences in years of education and smoking status. Significant interaction between illness and energy levels in these analyses would be consistent with the latter but not the former hypothesis (ie, it would suggest that a pathological condition had altered the relationship between fatigue and reactivity in the CF group). The BDI depression and POMS anxiety scores were also included in the model to determine whether the psychological symptoms were a factor in hyporeactivity. All predictor variables were retained in the model regardless of their significance for control purposes. The dependent variables in these analyses were changes in blood pressure, Q , and TPR during cognitive stress tests. After preliminary analyses found similar results for the two cognitive tasks, the tests were performed using the mean speech-arithmetic change scores. Also, because SBP and DBP did not provide substantially different information, changes in MAP (mean speech-arithmetic values, 9 Ϯ 7 vs. 14 Ϯ 6 mm Hg in the CF and control groups, respectively) were used as measures of blood pressure response.
The results of these analyses are shown in Table 2 . It can be seen that energy by group interactions were significant for all criterion variables. Post hoc analyses of simple regressions revealed that low energy scores predicted smaller increases in MAP, Q , and TPR in the CF group, whereas in the control group the relationship was nonsignificant for MAP and was actually negative for Q (Figure 1) . Feeling anxious or depressed was unrelated to cardiovascular stress responses in these analyses (Table 2) . Interestingly, having CF was associated with hyporeactivity even after accounting for the effects of low energy (Table 2) .
Self-Perceived Cognitive Decline and Cardiovascular Stress Responses in GVs With CF
Other than fatigue, the most common complaint reported by veterans with CF during the medical interview was a problem with memory or concentration. Specifically, 74% rated this problem as substantial, severe, or very severe (ratings of 3-5 on a scale of 0 -5); only 6% rated it as minimal or not a problem (ratings of 1 or 0). Control subjects reported no (95%) or minimal (5%) problems with memory or concentration. 
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The next set of analyses examined whether this aspect of illness might explain further cardiovascular hyporesponsiveness in GVs with CF. Our hypothesis was that cognitive decline scores would predict diminished cardiovascular responses during the arithmetic task, because of its high demand on memory and concentration, but not during the speech stressor, a task that mostly engages verbal and conceptual faculties. To test his hypothesis, ratings of problems with memory or concentration were examined as predictors of changes in MAP, Q , and TPR, while controlling for differences in arithmetic performance and energy scores, using multiple regression analysis. Supporting our hypothesis, self-rated cognitive impairment was a significant predictor of diminished increases in MAP during the arithmetic stressor but not during the speech stressor (Table 3 ). Significant associations were also present between cognitive impairment scores and reduced Q and TPR responses to the arithmetic task (Table 3) . There was only a weak correlation between cognitive impairment scores and performance on the arithmetic test (r ϭ Ϫ0.29, p Ͻ .04), and GVs with CF who rated their cognitive impairment as substantial or greater (N ϭ 38) did not perform significantly worse on the arithmetic task than those who rated this problem as moderate or less severe (N ϭ 13) (percentage correct, 53 Ϯ 18% vs. 62 Ϯ 14%; p Ͼ .14). However, maintained performance in this severely impaired group seemed to come at the cost of greater effort, as indicated by the higher ratings of perceived stressfulness of the arithmetic task (means adjusted for pretask level, 4.7 Ϯ 2 vs. 3.2 Ϯ 2; p Ͻ .009).
Functional Status and Cardiovascular Responses to Cognitive Stressors in GVs With CF
The final set of analyses tested associations between the MFI reduced activity and Karnofsky global disability measures of functional status and cardiovascular responses to cognitive stressors using the mean 
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speech-arithmetic change scores. Because these analyses addressed the incapacity produced by illness, they also were limited to GVs with CF. On both scales, a decline in functional status was associated with lower MAP responses to cognitive stressors ( Figure 2 ). In addition, the reduction in activities on the MFI was associated with lower Q responses (adjusted for ⌬TPR, semipartial r ϭ Ϫ0.24; p Ͻ .04). No other significant correlations between functional status and hemodynamic stress responses were observed.
DISCUSSION
This study indicates that GVs with CF respond to cognitive stressors with blood pressure responses of relatively small magnitude. One explanation for this finding supported by the present data is that altered physiological states that signal themselves as CF also blunt cardiovascular stress responses. As this hypothesis would predict, the extent of this problem in the individual patient was proportional to his or her perceived lack of energy and capacity to function. In contrast, in control subjects, feeling fatigued was associated with greater reactivity for Q , with a similar trend seeming to affect changes in MAP and TPR. These findings suggest that fatigue is associated with reduced cardiovascular responsiveness to stressors when it is pathological (ie, unremitting and debilitating), whereas the opposite may be the norm when fatigue is "normal" (ie, sporadic and relieved by rest).
The most conspicuous hemodynamic response deficit to emerge in veterans with CF was the failure of TPR to increase in response to challenges. This failure was the apparent cause of low blood pressure during cognitive stress tests but also occurred during the cold pressor test. Thus, GVs with CF had a problem controlling peripheral vascular resistance during mental stress, when the primary input is coming from cortical centers and is executed by increased sympathetic outflow to visceral arterial beds (29) , as well as during stimulation of cutaneous cold receptors, which reflexively increase sympathetic vasoconstrictor nerve traffic to the skin (30) .
Although no causal attributions are possible from the present data, there was a clear and robust relationship between cardiovascular function and illness in these veterans. Ill veterans with the most impaired stress responses were more fatigued and functionally impaired than those whose responses were closer to the norm. Furthermore, GVs who had a severe problem with memory or concentration had low blood pressure responses specifically during the mental arithmetic task, implying a direct relation between illness and cardiovascular function. Reduced blood pressure responses to mental arithmetic in these patients were associated with greater perceived stress during the task. In other words, the same amount of mental work seemed to require greater effort on their part. These data suggest that one consequence of reduced cardiovascular support of mental activities may be a greater required effort.
Overall, this study identifies a pattern of dissociations between behavioral and cardiovascular activities in GVs with CF that may be contributing to their symptoms by causing underperfusion of the brain and peripheral organs. This interpretation is consistent with reports that patients with CFS have reduced blood flow in the brain (8) and muscle (31) . Because this study was conducted in a self-selected, and perhaps more motivated or otherwise unique, sample of patients, its results may not be generalizable to all GVs with CF. We did, however, find a similar pattern of alterations in cardiovascular stress responses in CF patients in the general population (32) , suggesting that it may be a common condition in unexplained CF.
Low blood pressure responses to tasks requiring high-level central processing contrasted with normal responses to the cold pressor test, a sensory stressor with aversive characteristics. This pattern of results seemed to suggest a problem in the brain areas interfacing cognitive and autonomic activities. Several studies have found that an inability to regulate blood pressure during mental challenges can be a symptom of a brain disease (33, 34) . Consistent with this hypothesis, GVs with symptoms resembling CF were reported to display neurological signs consistent with injury to brain areas involved in autonomic regulation (35) .
Physiological responses to a stressor are shaped by the appraisal it receives and by the type of a behavioral response it elicits (36) . Speech and arithmetic tasks require active engagement and concentrated mental effort. Research on cognitive determinants of cardio- 
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vascular stress responses (37) (38) (39) has shown that multiple aspects of the engagement with a task can have significant influence on the evoked cardiovascular responses. Therefore, although cognitive stressors used in the study were perceived as stressful, challenging, and threatening to a similar extent by case and control subjects, the possibility remains that fatigue-induced disengagement provided at least a partial explanation for group differences in cardiovascular stress responses.
The reduction in functional status reported by patients with CF was proportionately greater in those with the lowest blood pressure responses to cognitive stressors. A sedentary lifestyle associated with CF may cause a reduction in fitness level that might, in turn, affect cardiovascular responsiveness to stressors. It is unlikely, however, that cardiovascular hyporesponsiveness in GVs with CF can be explainable by deconditioning because sedentary individuals tend to be more, rather than less, reactive to behavioral stressors (40, 41) . Rather, our data suggest that the opposite relation, such that inadequate physiological responses during cognitive activities further diminish the patient's work capacity, could explain the association between low blood pressure responses and a decline in functional status.
A substantial proportion of GVs with illnesses have comorbid psychiatric conditions, most commonly depressive and anxiety disorders (3, 10) . However, blunted stress responses are the opposite of the outcomes associated with depression and anxiety, in which a common finding is upregulation of sympathetic activity (42, 43) with increased responsiveness to behavioral stressors (44) . Not surprisingly, therefore, symptoms of depression and anxiety did not explain hyporeactivity in multiple regression analyses. These results support a hypothesis that psychiatric symptoms in GVs are distress reactions to chronic illness rather than a primary disorder.
It must be noted that if the shared variance between changes in Q and TPR had not been controlled, we would have found fewer positive results. Specifically, the differential relationship between energy scores and TPR responses to cognitive stressors in the CF and control groups would not have been detected (interaction, p Ͼ .38), and the association between cognitive symptoms and depressed Q and TPR responses to the arithmetic task in veterans with CF would have been completely obscured (p values Ͼ .32). These results suggest that this statistical control procedure might be useful in clarifying the effector mechanisms of blood pressure responses to stressors. Additional experimental work is required to confirm the value of this statistical approach.
To conclude, our findings suggest that symptoms of illness in GVs with CF are linked to the circulation in a coherent and physiologically significant way. Additional research is needed to define the specific mechanisms of cardiovascular hyporesponsiveness in Gulf War-related fatiguing illness, most notably whether the problem with vasoconstriction is centrally or peripherally mediated. Other important questions that deserve more study include the extent to which a lack of engagement in the task is a significant factor in hyporeactivity in veterans with CF and how this may influence other aspects of physiological functioning and health. 
